Conventional hard coatings can be used to improve the properties of tools and machine parts, e.g. to reduce wear and to increase the tool life in cutting processes. In HPC (High Performance Cutting) machining, tools and tool coatings have to show a better thermal and chemical stability due to the higher process temperatures and the higher load of the tools. With oxygen-improved coating systems the thermal or the chemical stability of the used coatings at higher process temperatures can be improved. Therefore, the cutting process can be stabilized. The combination of stable oxidic and oxynitridic structures with conventional hard coatings was used to develop coatings with higher strength and higher hardness as well as an improved stability at higher temperatures. These oxygen-improved hard coatings were produced with the material systems Al-Cr-O-N or Zr-O-N and deposit with an arc-PVD process by use of an oxygen-nitrogen gaseous mixture. According to the analyses, the formation of the cubic and oxidic phases could be verified. These structural elements lead to the improvement of coating properties like hardness and elasticity and optimized thermodynamic properties. The application tests of difficult machinable materials with high strength like ADI (austempered ductile iron) or stainless steel show the great potential of the oxygen-improved hard coatings. In various cutting analyses a strong increase in tool life of oxygenimproved hard coated tools could be proven. This shows the applicability of the developed oxynitridic coating systems for high performance cutting processes to improve the efficiency of cutting processes.
Introduction
With conventional hard coatings, wear during the production processes can be reduced. These hard coatings can also be used to set defined friction and slipping properties or to improve temperature stability during machining [1] [2] [3] . Current investigations have mainly focuses on a better functionality of surfaces, on defined multilayer-systems, and on adapted material components of the coating structures [4, 5] .
In modern engineering processes new materials e.g. with high strength, light weight, or adhesive properties must be machined. Processing such materials like titanium or nickel-based-alloys leads to high processing temperatures and to adhesive wear of the tools by buildup edges (Figure 1 ). Typical hard coatings like TiN, CrN, TiAlN or TiCN show at these conditions a low thermal and chemical stability and a high wear. Open access under CC BY-NC-ND license.
Other tool coatings like Al 2 O 3 have better properties at elevated temperatures such as a higher chemical stability. Disadvantages of these coatings are the brittle behavior and the expensive coating procedure. For good adhesion, in most cases an adequate pretreatment is necessary. Furthermore, adhesion layers must be used [6, 7] .
Motivation
Disadvantages of common hard coatings at higher processing temperatures are mainly reduced chemical stability, decreased coating properties, and a moderate friction coefficient. On the other hand, oxide coatings have stable properties at higher processing temperatures.
The basic approach of our investigation was to combine the good properties of conventional hard coatings with the better stability of oxides. The features of these different coating systems are shown in table 1. Advantages are marked with a (+) sign, disadvantages with a (-). By combining the nitride and oxide material systems, resulting advantages can be used to generate coatings with better thermal and chemical stability, and to reduce friction properties and adhesion effects at processing materials with a higher strength. Our basic investigations have shown that the material systems Zr-N and Al-Cr-N can be modified by oxygen inclusions by the Arc-PVD process. This leads to a variation on the defect density in the crystal structure. Furthermore, the changed bonding due to oxynitride elements leads to higher hardness and higher corrosion resistance [8] .
Procedure

Deposition parameters
The deposition of oxynitridic hard coatings was realized with an improved Arc-PVD process. The generation of coatings with a homogeneous and less porous structure was realized by varying process parameters like composition, arc current, process pressure, and bias intensity. For an increase in coating adhesion on reference probes and sample tools, the bias was pulsed with a frequency of 150 kHz. The rf-pulsed bias was furthermore used to improve process stability due to variation in the electrical conductivity. Important deposition parameters are given in table 2. 
Coating material and coating structure
The deposition of the oxynitride coatings were done on carbides and high speed steels. To determine the influence on the formation of oxynitridic structures and phases as well as the coating properties, different coating parameters were used:
• material systems Al-Cr-O-N and Zr-O-N • oxygen content between 0 and 40 % • gradient, multilayer or monoblock structure • coating thickness 2-8 μm with a thickness of the oxynitride toplayer of 2-6 μm
Measurement and test procedure
After deposition of the chosen systems the coating properties were determined. The parameter roughness, coating adhesion, and hardness are of special interest. These were determined by destructive coating test systems. Also important for the formation of oxynitride structure are the coating composition and the phase analysis. Here, glow discharge optical emission spectrometry (GDOES) and X-ray diffraction analysis were applied. Application tests of the used coating systems were done by drilling and milling in the difficult machinable material ADI (austempered ductile iron) (ADI).
Coating results
In figure 2 a grinded cap example of the coating system AlCrN-OXI-2 with an oxygen content of 10 % in a monoblock structure is presented. The coating in figure 2 shows a very dense and homogeneous coating structure with only a few pores. Also droplets on the coating surface can be seen in there.
A cross section and a surface view of the coated AlCrN-OXI-2 sample are given in figures 3 and 4. These pictures verify the results given in figure 2 . The coating shown in figure 3 shows a dense recrystallized structure with a few pores and inclusions. This means that the inclusion of oxygen during the Arc-PVD process can be used to improve the structure of hard coatings.
On the other hand, oxygen improvement leads to formation of a larger amount of droplets and oxides during the deposition process (Figure 4) . Here the lighter balls are droplets and oxide particles, which are formed during the deposition by the reactive Arc-PVD process and which have an effect on the coating roughness. The measured roughness of some of the oxynitride coating systems is shown in figure 5 . Here, large differences (between 1 and 4 μm for R a ) in roughness appear due to formation of large droplets during the deposition process. Especially the systems AlCrN-OXI-7 (oxygen content 40%, monoblock structure) and ZrN (no oxygen, monoblock structure) show the highest degree of roughness for R a and R z . This was caused by process instabilities, in particular by variation in the electrical conductivity of the coating surface. Results of coating adhesion tests are shown in figure 6 . The adhesion was measured on polished reference probes with a dynamic scratch tester. The critical load Lc2 (spalling of coating parts) depends on coating composition and coating structure and shall be improved in some cases (AlCrN-OXI-7, ZrN, ZrN-OXI-6). Generally a good coating adhesion could be adjusted. The coating failure (critical load Lc3) occurred at loads higher than 120 N. The micro hardness of the oxynitride coatings is given in figure 7 . The measurements were done with a load of 100mN and a measuring time of 20 s. It can be seen, that the oxynitridic coatings have a micro hardness compared to the nitride coatings such as AlCrN or ZrN. For the material system Al-Cr-O-N the micro hardness could be increased by oxygen inclusions from 29 GPa (AlCrN) to about 55 GPa (coating AlCrN-OXI-6, oxygen content 30%, monoblock structure). The hardness in the system Zr-O-N can also be increased by oxynitride phases from 24 GPa to about 44 GPa. The oxygen inclusion into the coating system leads to the higher hardness due to different oxynitride phases and lattice distortions. To determine the main phases, which influence the coating properties as well as the residual stresses, X-ray diffraction analyses were done.
Al
The X-Ray spectrum and specific lines of the system AlCrN-OXI-7 (oxygen 40%, monoblock structure) are given in figure 8 . It can be seen, that the highest signal intensity is given by a cubic aluminum nitride. The signal shows a light signal shift due to alloying with chromium and oxide. Other phases within the coatings with a small amount are given in table 3. The main phase cubic AlN with O and Cr inclusions lead to lattice distortions and a higher degree of hardness was measured. Figure 8 . X-ray spectra of the sample AlCrN-OXI-7
AlN (cub)
Results of X-Ray diffraction measurements in the coating ZrN-OXI-7 with 40 % oxygen and a monoblock structure are shown in figure 9 . Here the main phase is zirconium oxide in an orthorhombic and monocline structure. With this oxide structure a higher hardness and a better chemical resistance particularly at higher temperatures can be reached. The further measured phases in the coating ZrN-OXI-7 are given in table 3. The phases given in table 3 are used to determine residual stresses within the coating. First measurements have shown high differences in the stresses between coatings without and with oxygen due to oxygen inclusion and lattice deformations in the system AlCrN-OXI-7. In this system the internal compressive stress was increased from 1200 MPa to about 2100 MPa. To verify these results, further investigations are necessary.
The measured coating properties and phase compositions of the deposited coatings show a good agreement with the expected properties. Nevertheless, more investigations are necessary to verify these properties. The stabilization of the oxide and oxynitride structures, the determination of the thermal properties, and the internal stresses are of special interest in further investigations.
Application tests
The applicability of the developed coating systems were demonstrated in cutting tests in difficult machinable materials. For these investigations, milling and drilling tests were used and the material ADI (austempered ductile iron) was chosen. ADI is a cast material with high strength and properties similar to steel. Cutting this material leads to a rapid tool wear due to the following reasons:
•
Drilling tests
Drilling test in ADI was performed with drills of a diameter of 6.8 mm and the following cutting parameters: cutting speed v c = 120 m/min; feed per tooth f z = 0.3 mm; drilling depth a f = 15 mm. The end of the tool life was reached at a wear width on the tool v B of 0.2 mm. The typical tool wear is shown in figure 10 . Here the main wear is at the cutting edge and the cutting corner. This leads to high wear rates and tool breakouts. 
Milling tests
The following investigations were done by milling with coated and uncoated carbide insert (Type XPHT333). The milling parameters were set to a cutting speed v c of 180 m/min, a feed per tooth f z of 0.2 mm, a cutting depth a p of 25 mm, and a cutting width a e of 2.5 mm. The end of the tool life was reached at a wear width on the tool v B of 0.2 mm. Figure 11 shows the typical wear behavior of the inserts. Milling of ADI often leads to tool breakouts at the cutting edges. The main focus of the next investigation must lie on the improvement of coating adhesion by pre-and posttreatment processes and the optimization of the coating parameters (thickness, structure composition).
Conclusion
Oxynitride hard coatings with a high hardness up to 55 GPa were deposited with an Arc-PVD process by use of an oxygen-nitrogen gaseous mixture. The deposition of the coatings was done with the material systems AlCr-O-N and Zr-O-N with oxygen contents between 0 and 40 %. The analyses show that the formation of the stable oxide and oxynitride phases lead to lattice deformations and an improvement of coating and thermodynamic properties.
Application tests show the great potential of the oxynitride coatings for cutting of difficult machinable materials like ADI. In particular, the System AlCrN-OXI-2 with an oxygen content of 10% and a monoblock coating structure shows a high hardness and a very high tool life in drilling of ADI materials compared to other tested systems. With this system the tool life can be increased up to 300 % in drilling of ADI compared to accepted hard coating systems) Nevertheless, more investigations are necessary to characterize and optimize the coating systems and to adapt the coating properties and phase formation. Here, the main tasks are the specification of the thermodynamic coating properties and the improvement of coating adhesion by variation of the pre-and posttreatment processes as well as coating structure and composition.
